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ABSTRACT

A 0.7-inch, 4K2K LCoS-SLM with full 2z radians
phase modulation to cover depth-focus image was
developed. The full phase modulation was found 0.9 and
1.5 ms under the digital driving scheme with AV = 1.75V
at T=45 °C. A 200 mm depth of 3D reconstruction
holographic image was demonstrated.

1. INTRODUCTION

Microdisplays have developed to a key component
of display and optics area in the recent years. In 2018,
Google and LG presented a 120 Hz, 1443 ppi OLED
display with 18M pixels in 4.3-inch for Virtual Reality
(VR) head mounted displays (HMDs) which opened a
new era for VR application [1]. In the same year, both JDI
(SLC-IPS) and Sharp (IP-SFR) utilized a high pixel
density (~1000 ppi) LCD panels for VR HMDs [2, 3].
Phase-only spatial light modulator (SLM) performs as 3D
holographic display for near-eye AR glasses, automotive
HUDs, holotable/box, and focal surface display for VR
HMDs [4-7]. As a result, the demands of the ultra-high
pixel density (> 4000 ppi) and light-weighted system of
VR and AR application has been growing rapidly.

The ideal SLM requires full 2n radians phase to
show depth-focus image. Not only that, the smaller pixel
pitch (< 4 um) and higher aperture are both needed to
achieve the high diffraction angle and to enlarge the field
of view (FoV). The binary phase modulation can be used
found in DMD, MTN, FLCoS, =n-shift ECB, or VAN
LCoS phase modulation system. However, these devices
suffered the significant quantization noise and low
reconstructed image quality [8-10]. Samsung and ETRI
have co-developed the glass-type SLM (SLMoG) with
high resolution panel (pixel pitch from 3.0~3.76 um) [11,
12].  Unfortunately, the transmissive LC-SLM is
problematic to accomplish a fast response time with high
fill factor comparing to the reflective LC-SLM. In
addition, Compound Photonics introduced their latest
0.55" 4K2K LCoS panels (fill factor ~93%) with ~ 3
micron pixel pitch panel in 2018 [13]. The urgent need of
high ppi (~7000 ppi) 4K2K LCoS-SLM is clear in recent
years. The high ppi 4K2K IC backplane, nevertheless,
usually has the limitation of low driving voltage (< 3.3 V)
[14-18]. In this work, 0.7-inch 4K2K IC backplane (pixels
ptich ~ 3.74 um with fill factor ~90%) with a 2.4 ms fast
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response time for the full-phase modulation can be
obtained under digital driving scheme with AV =1.75 V.
The phase linearity, phase precision, and phase accuracy
of our latest LCoS panel were evaluated. Finally, a 3D
depth-focus holographic imaging was demonstrated for
the potential application of the next generation HUDs.

2. EXPERIMENT

A 0.7 in with 4160x2464 pixels, with a pixel pitch
of ~3.74 um (~6907 PPI, FF~90 % from Jasper display
Corp) was applied in this study. The LCOS panels were
assembled in our fabrication lab. The cell gap was
determined from 15 locations of the entire active area.
The LCM-1107 is kindly provided by Professor Wu’s
group. The birefringence values (An) were 0.37 and
0.36; and the y/K,, values were 9.0 and 7.4 rns/pm2 at
35 °C and 45 °C at 633 nm, respectively.

3. RESULTS

A 0.7-inch 4K2K IC backplane is driven by digital
sequence bitplane which defined by Vypie (Vw), Vilack
(Vy). The average phase accuracy error % (APA error %)
of the commercial JDC 4KSRK LCoS-SLM is 1.81 %
with its default setting. The driving program was
optimized for our new PCU-3-02-HPPI LCoS-SLM to
achieve 0.83 % average phase accuracy error. Both JDC
4KSRK and PCU-3-02-HPPI LCoS-SLMs were driven
at controlled operating temperature at 45 °C. The panel
response time was measured when gray scale changing
from 0 to 255 and 255 to 0 for a maximum phase shift
(Omax) transition. The rise and decay time of IDC 4KSRK
panel were 6.0 and 9.9 ms under JDC default driving
condition. The rise and decay time of PCU-3-02-HPPI
were 0.9 and 1.5 ms under driving at AV =175V (V=
320V, Vy=1.45V). A 2.4 ms fast response time for the
full-phase modulation can be obtained from our new
LCoS-SLM panel.

Spatially varying phase response as phase
precision modulation after linear LUT driving
calibration was evaluated on both LCOS panels. The
average standard deviation (mSTD) of the phase
response from 15 different sectors measured from the
entire panel is 0.02 7 and 0.10 n-radians of 4KSRK and
our PCU-3-02-HPPI, respectively. Our results suggest
that the fringing field effect can be suppressed at the
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smaller cell gap. The pixel-level phase-accuracy error
under maximum spatially frequency (max SF=133.5
Ip/mm) is 30.46 % and 10.36 % of 4KSRK and
PCU-3-02-HPPI, respectively.
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Fig. 1. Measured linear phase shift curve of PCU-3-02 and JDC 4KSRK
LCoS SLM at A = 633 nm.

The d/p values of 4KSRK and PCU-3-02-HPPI are
1.02 and 0.47. The noticeable crosstalk effect decreased
maximum phase shift from ~2.0 n to ~0.6 © radians for
4KSRK due to its d/p value is greater than 1. This is the
major reason why the poor imaging quality and low
diffraction efficiency compared with 2K1K LCOS panel
(/DC). The PCU-3-02-HPPI with lower d/p ratios could
improve the phase accuracy by ~2 times than 4KSRK. The
only limitation for the 4K panel is the small driving
voltage (< 3.3 V) which restricted the depth of phase
modulation.
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Fig. 2. The pixel-level phase modulation with various spatial
frequencies from 1+1, and 8+8 and their grating directions (H and V
grating) in 6907 PPI for (a) JDC 4KSRK with d/p~1.02 and (b) NCTU
PCU-3-02-HPPI with d/p=0.47.
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The phase fluctuation of both panels was further
evaluated. The mSTD and average P—P of 4KSRK were
0.07 mwand 6.7 % when the digital voltage inputs of V, =
3.38 Vand V, = 0.98 V at 45 °C, as shown in Fig. 3 (a).
To gain the lower phase fluctuation, the PP values of
PCU-3-02-HPPI were 0.11 wand 11.1 % when operated
at the V,, = 2.2 V and V, = 1.0 V with controlled the
operation temperature of 35 °C, as shown in Fig. 3 (b).
The rise and decay times were found 1.86 ms and 5.36
ms at this driving condition. As shown in Fig. 3, the
average P—P of the optimized PCU-3-02-HPPI driving
scheme is ~4% higher than 4KSRK. There are two
possible reasons for the observed results: (1) The LC
rising time of PCU-3-02-HPPI (1.86 ms) is much faster
than the total clock (7¢clks) time (3.40 ms) so that the fast
LC switching cause the static phase flicker enlargement.
(2) The phase fluctuation is disturbed when the memory
writing time (0.144 ps) is longer than the imager
refreshing time (0.097 ps), which enlarges the noise
from the 4K2K LCOS driver.
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Fig. 3. The temporal fluctuation of phase modulation of (a) JDC
4KSRK with Tclks=4.16 ms and (b) PCU-3-02-HPPI with
Tclks=3.40 ms.

The 3D holographic image projection was
performed in the calibrated PCU-3-02-HPPI
LCoS-SLM. A depth focus holographic image was
computed for 3D holographic display. The pictures with
3D information in different viewing depth for head up
displays (HUD) window were reconstructed from
incoming light. Each individual picture was transformed
into a phase pattern hologram. The reconstruction
holographic results were shown in the Fig. 4.



(a) L =300mm

4. CONCLUSION

The ultrahigh birefringence LC mixtures used in
LCOS panel not only minimized the cell gap to speed up
the LC response time and suppress the fringing field
effects, but also reduced the minimum AV,, for phase
flicker optimization. Our results suggested that the 7clks
value, the overall -electrical addressing frequency,
corresponds to the optical fluctuation frequency. It can be
the upper limit for the development of faster LC responses
when the application requires a compromise between the
switching speed and phase flicker.

We demonstrated the fast response time (0.9 ms and
1.5 ms) of 7000 PPI 4K2K, 0.7-inch PCU-3-02-HPPI
LCoS-SLM with the acceptable phase fluctuation. It has
the advantages to reduce image latency, enlarge FoV, and
suppress image speckle effect. It also provides the
solution of full-color holographic imaging applications,
such as in the near-eye AR glasses, next generation
automotive HUDs and holotable/box. Our PCU-3—-02—
HPPI is able to maintain increased linearity and phase
precision. The spatial crosstalk effects and temporal
fluctuations are still the major challenges owing to the
limitation of the driving voltage, the digital addressing
frequency, and the noise signal of 4K2K driver.
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Fig.4. Reconstructed images of the HUDs at distances of arrow indicator: (a) L =300, (b) L =400, and (c) L = 500 mm, respectively.

LC mixture is kindly provided by Prof. S.-T. Wu group
in University of Central Florida (UCF).

5. REFERENCES

1. C. Vieri, G. Lee, N. Balram, et al., “An 18 megapixel
4.3” 1443 ppi 120 Hz OLED display for wide field
of view high acuity head mounted displays,” J. Soc.
Inform. Disp. 26(5), 314-324 (2018)

2. T. Matsushima, K. Seki, S. Kimura, et al., "Optimal
Fast-Response LCD for High-Definition Virtual
Reality Head Mounted Display", in Proc. SID
Symp. Dig. Tech. Papers, 49(1), Session 51.1
(2018).

3. T. Katayama, S. Higashida, A. Kanashima, et al.,
"Development of In-Plane Super-Fast Response
(ip-SFR) LCD for VR-HMD", in Proc. SID Symp.
Dig. Tech. Papers, 49(1), Session 51.2 (2018).

4. W A. Maimone, A. Georgiou, J. S. Kollin,
“Holographic Near-Eye Displays for Virtual and
Augmented Reality”, ACM Trans. Graph., 36, 4, 85
(2017).

5. J. Christmas, N. Collings, "Realizing Automotive
Holographic Head Up Displays", in Proc. SID
Symp. Dig. Tech. Papers, 47(1), 1017-1020 (2016).

6. R. Haussler, Y. Gritsai, E. Zschau, et al., "Large
real-time holographic 3D displays: enabling
components and results", Appl. Opt.,, 56(13),
F45-F52 (2017).

7. N. Matsuda, A. Fix, D. Lanman, ‘“Focal Surface
Displays”, ACM Trans. Graph., 36, 4, 86 (2017).

8. Fourth Dimension Displays. Available online:
https://www.
forthdd.com/products/spatial-lightmodulators/
(accessed on 29 October 2018).

9. S. Turtaev, I. T. Leite, K. J. Mitchell, et al.,
“Comparison of nematic liquid-crystal and DMD
based spatial light modulation in complex
photonics,” Opt. Express 25(24), 29874-29884
(2017).

IDW '19 1289



10.

11.

12.

13.

14.

15.

16.

17.

18.

1290

K. Wakunami, P. Y. Hsieh, R. Oi1, et al.,

“Projection-type see-through holographic
three-dimensional display,” Nat. Commun. 7, 12954
(2016).
H. S. Lee, S. Jang, H. Jeon, et al., "Large-area
Ultra-high Density 5.36" 10Kx6K 2250 ppi Display",
in Proc. SID Symp. Dig. Tech. Papers, 49(1), Session
46.1 (2018).
C. S. Hwang, Y. H. Kim, J. H. Yang, et al., "Ultimate
Resolution Active Matrix Display with Oxide TFT
Backplanes for Electronic Holographic Display", in
Proc. SID Symp. Dig. Tech. Papers, 49(1), Session
46.2 (2018).

A. K. Abeeluck, A. Iverson, H. Goetz,
"High-Performance Displays for Wearable and HUD
Applications", in Proc. SID Symp. Dig. Tech. Papers,
49(1), Session 58.2 (2018).

Y. Huang, Z. He, and S. T. Wu, “Fast-response liquid
crystal phase modulators for augmented reality
displays”, Opt. Express 25 (26), 32757-32766
(2017).

R. Chen, Y. Huang, J. Li, et al., “High-frame-rate
liquid crystal phase modulator for augmented reality
displays,” Liq. Cryst. 45, 309-315 (2018). DOI:
10.1080/02678292.2018.1499971.

J. P. Yang, H. M. P. Chen, “A 3-msec Response-Time
Full-Phase-Modulation 1080p LCoS-SLM for
Dynamic 3D Holographic Displays”, in Proc. SID

Symp. Dig. Tech. Papers, 48(1), 1073-1076, (2017).
J. P. Yang, H. M. P. Chen, Y. Huang, et al., "Sub-KHz
4000-PPI LCoS Phase Modulator for Holographic
Displays," in Proc. SID Symp. Dig. Tech. Papers
49(1), 772-775 (2018).

H. M. Chen, J. P. Yang, H. T. Yen, et al., “Pursuing
high quality phase-only liquid crystal on silicon
(LCoS) devices,” Appl. Sci. 8, 2323 (2018).

IDW '19



